Measurements of cardiac output were made on twelve patients undergoing intermittent positive pressure ventilation following cardiopulmonary bypass surgery. Initial control measurements were made during mild hyperventilation, repeated after addition of carbon dioxide to the inspired gases and again following return to the control situation. The ventilatory pattern was not changed during the course of the studies. There was a mean increase of 17.4 mm Hg in the arterial carbon dioxide tension (Paoo 2 ) following the addition of carbon dioxide and this was accompanied by a statistically significant rise of cardiac output of 14%. This occurred despite the fact that more than 50% of the patients required increased sedation to control ventilatory efforts. After withdrawal of carbon dioxide the Paco 3 and cardiac output fell to values which were not significantly different from the control situation. Heart rate, stroke volume and right atrial pressure all increased with the increase in Paooi and decreased after the withdrawal of carbon dioxide. There were no significant changes in airway or oesophageal pressures. These results suggest that the cardiovascular status of patients following open heart surgery is bener maintained when control of ventilation is achieved by sedation at normocapnia than by hypocapnia alone.
During postoperative ventilator therapy it is easier to abolish a patient's spontaneous respiratory efforts if ventilatory drive is reduced by maintaining Pacoa below normal levels. Hypocapnia also raises the pain threshold (Qutton-Brock, 1957) and enhances the action of general anaesthetic agents (Gray and Rees, 1952; Geddes and Gray, 1959) . It has been postulated that it produces a sort of "physiological decerebration" secondary to depression of the reticular activating system (Baraka, 1970) . The combination of these effects facilitates ventilatory control, analgesia and sedation with minimal usage of sedative, analgesic and muscle relaxant drugs. These drugs can have adverse effects on cardiovascular function and may leave residual effects such as drowsiness, respiratory depression and impairment of reflexes when the time comes to discontinue ventilator therapy.
It is known, however, that when Paoo, rises sympathetic tone increases (Price, 1960) and plasma catecholamine levels increase (Morris and Mfllar, 1962) . It has been shown that there is a linear relationship between Paoo, and cardiac output in normal patients being mechanically ventilated during anaesthesia and that right atrial pressure increases with rising Paccn (Prys-Roberts and . The mechanism postulated for the increase in cardiac output is that venous pressure increases due to the rise in plasma catecholamine levels and this, in turn, results in an increase in stroke volume in accordance with Starling's Law. In postcardiac surgery patients, cardiac output is often low, sympathetic tone may already be high and in some patients sympathomimetic agents are administered intravenously. It is possible that in these circumstances the sympathetic response to changes in Ptico^ may be modified. On the other hand, if the correlation between Paco, and cardiac output is retained a reduction in Paco-could be hazardous in those patients with pre-existing impairment of myocardial function. The advantages gained from a low Paoo, might be offset by the disadvantage of lowering further an already diminished cardiac output. This investigation was therefore designed to elucidate this problem. open heart surgery with cardiopulmonary bypass were studied within 6 hours of coming off bypass (for details see table I). Fully informed oral consent to the investigation was obtained from each patient prior to operation and the study was approved by the Hospital Ethical Committee.
Cannulations.
At the time of operation central venous cannulae (right atrial) were inserted either by internal jugular vein puncture or directly into the innominate vein following sternotomy. Radial artery cannulae were inserted by percutaneous puncture. In 6 patients the pulmonary artery was cannulated.
Ventilation.
Following surgery the patients were maintained on constant volume intermittent positive pressure ventilation using a Cape Mark II ventilator. The first 2 patients were ventilated with air/oxygen mixture (approximately 50% oxygen) and subsequent patients with a 50% mixture of nitrous oxide and oxygen (Entonox). The delivered oxygen concentration was only altered during the studies by the addition of carbon dioxide, except in 1 patient who proved to have a low arterial oxygen tension (Paoi) during the investigation and additional oxygen was therefore introduced before the study was completed.
Four of the patients were receiving isoprenaline infusions, two had adrenaline infusions and one had both adrenaline and isoprenaline infusions running throughout the course of the study. In all these cases the infusion rate was stable for at least 30 min before commencing the study and maintained at a steady rate throughout using a constant infusion pump (Watson-Marlow type 88HR flow inducer). Administration of drugs during the course of the studies was kept to a minimum and note was made of any that were given.
Monitoring.
Airway pressure was monitored using a HewlettPackard 1280B transducer and intrathoracic pressure with an oesophageal balloon (Milic-Emili et al., 1964) and Hewlett-Packard model 270 gas pressure transducer to indicate any changes in ventilatory pattern. Inspired and expired carbon dioxide concentrations were monitored continuously with a suitably calibrated infra-red carbon dioxide analyser (Hartmann and Braun, URAS4) to show end-tidal carbon dioxide concentration and to check stability of carbon dioxide administration. Arterial and right atrial pressures and, in five of the patients, pulmonary artery pressure, were also monitored using Hewlett-Packard 1280B pressure transducers. All signals were recorded on a Hewlett-Packard 6-chan-nel recorder. The electrocardiogram (lead II) was monitored throughout.
Cardiac output measurements.
Cardiac output measurements were made in duplicate or triplicate using the indocyanine green dyedilution technique. The dye was always injected during the expiratory pause. Sampling was performed at a constant rate (35 ml/min) using a Harvard dye-dilution pump (model no. 2603) drawing the blood through a Gilford densitometer (model 103-IR) into a 50-ml syringe. The resultant dye curve was recorded on a flat-bed potentiometric chart recorder (Telsec 700) and processed through an analogue-digital converter (J & P Engineering, Reading) and punched on to paper tape. The dye calibration factor was obtained prior to the study using two to four different concentrations of dye in residual blood from the reservoir of the cardiopulmonary bypass apparatus. Subsequent computation of cardiac output by the Hamilton technique (Kinsman, Moore and Hamilton, 1929 ) was performed on an ICL1900 computer using a teletype link to Queen Mary College. The computer program used, written by one of us (J.H.C.), searches the downslope of the dye curve for the values 75% and 45% of the peak value. A least-squares regression analysis is applied to the logarithm of the points between these two values. The straight line coefficients are used to calculate the values of the curve beyond recirculation to a point 1% of the peak value. The area is calculated using Simpson's rule. The correlation coefficient for 38 paired measurements used in the study was 0.992 and the standard error of the estimate was 0.142 l./min. The mean difference for the 38 pairs was 0.010 and the standard deviation of the difference between paired measurements was 0.145 l./min.
Arterial and central venous pH, Po? and Pco s .
These were measured by standard methods using the Radiometer PHM27 pH meter and gas monitor and the BMS3 blood microsystem with the PHM72 digital acid-base analyser. They were all corrected for temperature differences between the electrode system (maintained at 37 °Q and patients' core temperature (Kelman and Nunn, 1966) , and blood-gas factor (Adams and Morpn-Hughes, 1967) . Duplicate measurements of Pacoj and Pao, agreed within ± 2 mm Hg.
Design of investigations.
Following an initial stabilizing period (30 min) cardiac output and blood-gas measurements were made (Phase I). Carbon dioxide (mean concentration 3%) was then added to the gas mixture feeding the ventilator so that the arterial carbon dioxide level was changed widiout altering ventilatory volume or pressure. After a further 30 min cardiac output and blood-gas measurements were repeated (Phase H). The additional carbon dioxide was then withdrawn and the measurements repeated after a further stabilization period of 30 min following return to the control situation (Phase HI).
RESULTS
The results of the measurements during the three phases of the study are summarized in There was a significant increase in mean cardiac output from 3.51 l./min (SD 0.91) to 4.00 l./min (SD 1.19) in Phase II (P<0.01). Following withdrawal of carbon dioxide, cardiac output fell significantly (P<0.0005) to 3.39 l./min (SD 1.04).
Excluding the patient in whom the inspired oxygen concentration was deliberately increased there was a significant rise (P<0.025) in arterial oxygen tension from 140.2 mm Hg (SD 49.5) to 168.9 mm Hg (SD 49.7) and this fell to 145.5 mm Hg (SD 40.4) in Phase IE.
The heart rate rose with the increased Paoo, from 100 beats/min (SD 18) to 109 beats/min (SD 23) and fell with lowering of Pac Oj to 103 beats/min (SD 21). These changes were significant (P<0.01, P<0.0125). One patient, who had been in sinus rhythm, went into nodal rhythm when Pac Ol was raised from 35.4 to 47.0 mm Hg and reverted spontaneously to sinus rhythm when the carbon dioxide was withdrawn. This patient was receiving an isoprenaline infusion throughout.
Stroke volume also rose from 35.8 ml (SD 10.6) in Phase I to 38.2 ml (SD 15.3) in Phase II and fell to 34.3 ml (SD 12.7) in Phase m. The increase with the raised Paoo, was not sufficient in this case to achieve statistical significance but the decrease TABUI II. Results of measurements of respiratory and haemodynamic variables during cardiac output studies on twelve patients. following lowering of Paoo, was significant (P<0.005).
There was a slight increase in mean arterial pressure from 83.3 mm Hg (SD 16.7) in Phase I to 83.7 mm Hg (SD 19.9) in Phase H. This fell to 76.9 mm Hg (SD 19.7) in Phase III which was a significant decrease (P<0.025). The decrease in mean arterial pressure from Phase I to Phase HI was also significant (P<0.05).
Right atrial pressure (RAP) increased with the rise in Paoo, from 9.7 mm Hg (SD 3.0) to 10.9 mm Hg (SD 3.1) and fell following withdrawal of carbon dioxide to 8.5 mm Hg (SD 3.2). These changes in RAP were significant (P<0.05, P<0.0005) and there was also a significant drop in RAP between the initial and final measurements (P<0.0025;.
Total peripheral resistance (calculated from the difference between arterial and right atrial pressures divided by the cardiac output) fell from 22.1 mm Hg/l./min (SD 6.5) in Phase I to 19.1 mm Hg/l./min (SD 5.2) in Phase II then rose again to 21.0 mm Hg/l./min (SD 5.4) in Phase HI. These changes were statistically significant (P<0.025, P<0.05) but there was no significant difference between the initial and final levels.
In 5 patients pulmonary artery (PA) pressure was also recorded. In four cases the pressure rose with the addition of carbon dioxide and remained at the raised level throughout Phase n, falling again when the carbon dioxide was withdrawn. In the cases where pressure changes occurred they started within li min of the change in inspired carbon dioxide concentration and had stabilized within 5-10 min. A typical record of the changes that occurred is shown in figure 2.
There were no significant changes in airway pressure or oesophageal pressure during the course of the studies except that in 9 patients these traces gave early warning that the patient was starting to make spontaneous respiratory efforts and sedation was required.
Sedation. Eight patients required intravenous injection of phenoperidine 1-2 mg or papaveretum 5 mg to control spontaneous breathing efforts during carbon dioxide administration. Seven of them needed this sedation within 15 min of the addition of carbon dioxide and two of these required a further dose during this period. Only 3 patients required sedation prior to the addition of carbon dioxide and two after it had been discontinued.
In 1 patient a second period of carbon dioxide addition was performed later, and phenoperidine 1 mg was again required 5 min afterwards. In this patient it was found that cardiac output, right atrial pressure, heart rate and stroke volume all rose again with the increased Pacoi and fell after carbon dioxide withdrawal.
Three of the patients studied were receiving adrenaline infusions. In two of these a fall in cardiac output occurred from Phase I to Phase II and in a third there was no change. In all three of these patients the heart rate rose slightly with the increased but the stroke volume fell. Following removal of the extra carbon dioxide in these patients cardiac output and stroke volume decreased further. Heart rate decreased in two of the patients and remained the same in one.
DISCUSSION
The use of mechanical ventilatory support following open heart surgery has become widespread (Grenvik, 1966; Gattiker, Hossli and Rothlin, 1970; Pontopiddan, Laver and Geffin, 1970; Laver, Hallo well and Goldblatt, 1970; Sykes et al., 1970) but it has been shown that cardiac output increases when patients who have undergone thoracic surgery are taken off intermittent positive pressure ventilation (Grenvik, 1966) . In normal patients during anaesthesia, both the institution of mechanical ventilation while keeping Paco, constant and the lowering of Paooj during artificial ventilation cause reduction in cardiac output . However, some patients who are in cardiac failure or who are critically ill may show an increase in cardiac output following the institution of IPPV (Werko, 1947; Clowes et al., 1965) . In these cases the explanations suggested for the rise are reduction of filling pressure of an overloaded right ventricle or improved oxygenation and reduction of metabolic acidosis. Some information is available about the use of different patterns of ventilation for patients after cardiopulmonary bypass procedures with regard to inspiratory: expiratory ratios (Sykes and Lumley, 1969) and the use of positive end-expiratory pressure (Seed, Sykes and Finlay, 1970) , but no evidence is available on the optimum level for maintenance of Pac O= in these patients.
It can be seen from the present series that a significant increase in cardiac output does occur in these patients when Pac 03 is increased without alteration of other ventilatory variables. There is also a significant decrease when Pac 03 returns to the original baseline level. It is not possible to correlate Paco 2 with absolute levels of cardiac output (or cardiac index) satisfactorily in this group of patients as the cardiovascular status varies so greatly between different individuals after cardiac surgery. The right atrial pressure was found to increase with raised Pacoj suggesting that contraction of capacitance vessels in response to catecholamine release occurs in these patients as in those with normal cardiovascular status. The Starling mechanism could therefore be, at least in part, responsible for increasing the cardiac output. The increase in cardiac output in the present study was due to an increase in both cardiac rate and stroke volume.
It was of interest to note that these changes occurred in all 5 patients who were being managed without sympathomimetic infusions and in the four who were receiving isoprenaline infusions, but the three patients with adrenaline infusions showed a different type of response. In these patients there was not a significant increase in cardiac output in Phase II and in fact the cardiac output fell throughout the period of the study. The heart rate showed an increase in Phase II and decrease in Phase III as with the other patients but stroke volume fell during the course of the study, not exhibiting the rise with increased Paco, shown by the other patients. If this is the response to be expected from patients receiving adrenaline infusions there may be no advantage in raising the Paooj in this group. In two of these three patients postoperative blood loss was being replaced as it occurred and in these the right atrial pressure rose in Phase II, and fell in Phase in. The third patient was not being transfused with blood as he had had a very high haematocrit prior to his operation for total correction of Fallot's tetralogy and his right atrial pressure fell throughout the study. In all three there was a drop in right atrial pressure from Phase I to Phase HI. These patients also differed from those not receiving adrenaline infusions in that they started with higher Paoo a levels during Phase I. This occurred partly because they were being ventilated at lower minute volumes compared with the other patients (see table I , mean minute volume 6.1 l./sq.m BSA as against 7.4 l./sq.m BSA) as we were hesitant about overventilating these ill patients following the findings in the first six cases of this series. There may also have been increased production of carbon dioxide in these patients due to the metabolic stimulant effects of adrenaline, although if this were the case a similar effect might have been expected in those receiving isoprenaline (Finlay, Wightman and Sykes, 1970) . It could be that at these higher Paoo 3 levels the direct depressant effects of carbon dioxide on the myocardium (Noble, Trenchard and Guz, 1966) predominate over the stimulant effects mediated by catecholamine production. Alternatively, sympathomimetic effects of these carbon dioxide changes may be insignificant compared with those of the exogenous adrenaline administered. In the patients receiving adrenaline infusions there was found to be a progressive increase in the calculated peripheral resistance throughout the course of the study. In the other patients the peripheral resistance decreased when carbon dioxide was added and rose again following withdrawal. It would seem that this type of response merits further study.
Cardiac output is higher when Pa C o a is normal or slightly elevated than when it is low, even though drugs with myocardial depressant side effects may need to be administered to maintain control of ventilation. Although the inspired oxygen concentration was not measured it was not deliberately changed during the course of the studies (except in the one patient mentioned who had a low initial Pa<>,). Nevertheless there was a significant increase in arterial oxygen tension which, in the absence of an altered mechanical pattern of ventilation, was probably the result of an improvement in cardiac output. This produces a further improvement in oxygen availability to the tissues . In patients with severe impairment of myocardial function the further drop in cardiac output produced by hyperventilation could have critical effects. However, raising the Paoo, above normal may produce cardiac arrhythmias and in some patients receiving adrenaline infusions it may produce a rise in heart rate without an increase in cardiac output. The observed increase in pulmonary artery pressure with the rise in Pac Oj may be a reflection of the increase in cardiac output but may also be due to pulmonary vasconstriction (Barer, Howard and McCurrie, 1967) . In this context it is interesting to note that the pulmonary artery pressure rose in a patient receiving adrenaline despite the absence of an increase in cardiac output during carbon dioxide administration.
In conclusion, it is clear that for patients being mechanically ventilated following cardiac surgery it is important not only to ensure satisfactory oxygenation of the blood, but also to maintain the Paco, at normal levels.
